There have been tremendous changes in the global land use pattern in the past 50 years, which has directly or indirectly exerted significant influence on the global climate change. Quantitative analysis for the impacts of land use and land cover changes (LUCC) on surface climate is one of the core scientific issues to quantitatively analyze the impacts of LUCC on the climate so as to scientifically understand the influence of human activities on the climate change. This paper comprehensively analyzed the primary scientific issues about the impacts of LUCC on the regional climate and reviewed the progress in relevant researches. Firstly, it introduced the influence mechanism of LUCC on the regional climate and reviewed the progress in the researches on the biogeophysical process and biogeochemical process. Then the model simulation of effects of LUCC on the regional climate was introduced, and the development from the global climate model to the regional climate model and the integration of the improved land surface model and the regional climate model were reviewed in detail. Finally, this paper discussed the application of the regional climate models in the development and management of agricultural land and urban land.
Introduction
The land use and cover changes (LUCC), in which the human activities play a dominant role, interact with the environment and have significant effects on the ecosystems at the local, regional, and global scales and consequently directly or indirectly exert great influence on the global climate changes [1] [2] [3] [4] . People have come to realize that the global change always consists of a series of regional changes with various processes and patterns according to the more and more observations [5] . On the one hand, the initial regional change will gradually extend to the interregional and even larger scales and consequently influence the change of the global environment. So it is necessary to first take into account the local and regional climatic effects in the research on the effects of the LUCC on the climate. On the other hand, since there is a great difference in the physical, chemical, and biological characteristics of the land surface in different regions on the Earth, the impacts of the land use and land cover changes on the regional climate systems also vary greatly. For example, the deforestation may lead to the temperature increase in the tropic zone, while it may lead to the regional temperature decrease in the frigid zone [6] . Therefore, in order to completely reflect the relationship between LUCC and the climatic factors, it is necessary to carry out and make comparisons among a lot of case studies in different regions and at various spatiotemporal scales and analyze the spatiotemporal processes and land surface parameters of the LUCC and the response of the climate. However, there have been very few relevant researches.
It has long been known that the land use changes caused by human activities such as deforestation and agriculture practice have some effects on the climate [1, 7] . The land use changes can influence climate by changing the properties of the land surface which is not only the direct heat source of the troposphere, but also one of the main sources of 2 Advances in Meteorology the atmospheric vapor water [8] . Therefore, the change in the characteristics of the land surface will directly influence the land surface-atmosphere interaction and consequently alter the thermodynamic and dynamic characteristics of the atmosphere and finally lead to different climate processes and patterns [9] . The land use activities have significantly changed the regional land cover, thus leading to climate changes. For example, the deforestation [10] , afforestation [11] , agriculture practice [7] , and urbanization [12, 13] all influence the energy budget and Bowen ratio of the land surface, the distribution of the precipitation among the soil water, runoff, and evapotranspiration. The land use activities also have important influence on the characteristics of regional climate system, for example, the temperature, evapotranspiration, precipitation, wind field, atmospheric pressure, and especially the temperature and precipitation [14] [15] [16] . In addition, the recent researches suggest that the LUCC may affect the extremes in temperature [2, 17] and precipitation [18] .
The LUCC affects the local, regional, and global climate systems through various biogeochemical and biogeophysical processes [15, 19, 20] . For example, the biogeochemical process can indirectly affect the climate by altering the rate of the biogeochemical cycle and thereby changing the chemical composition of the atmosphere [21] . Besides, it may also affect the climate through the absorption or emission of greenhouse gases [21] . By contrast, the biogeophysical process directly affects the physical parameters that determine the absorption and disposition of energy at the land surface [15] . For example, it influences albedo or reflective properties of the land surface [22] , alters the absorption rate of solar radiation, and hence influences the energy availability at the land surface [23] . In addition, the surface hydrology and vegetation transpiration characteristics also affect how the energy received by the surface is distributed into the latent and sensible heat fluxes [4] . The vegetation structure can affect the surface roughness and thereby alter the momentum and heat transport.
Owing to the limitation of knowledge and lack of interdisciplinary cooperation, there is still lack of full understanding of the mechanism of the procedures of the climate process and how the land use changes influence the regional climate and consequently influence the global climate [4] . There are separate studies of the biogeochemical and biogeophysical effects of the land use changes on the climate in their respective fields, and there are few researches on their joint effects on the climate. However, there are still a lot of uncertainties in the current knowledge, and it is still very difficult to objectively assess the contribution of the land use changes to the climate change [15] . For example, Hansen et al. [24] proposed that the radiative forcing due to the change in albedo caused by the global land use changes may decrease the temperature. By contrast, Intergovernmental Panel on Climate Change (IPCC) believed that the increase of CO 2 in the atmosphere will reinforce the radiative forcing, 1/3 of which was contributed by the land use changes, and consequently increase the temperature [2] . So it is of great importance to objectively analyze the biogeochemical and biogeophysical effects of the land use changes on the climate [1] . It is necessary to carry out further researches on the development of more accurate monitoring and modeling methods, which are essential to the understanding of these interactions and feedbacks [25] . However, the major challenge is how to integrate the researches on the biogeophysical and biogeochemical processes.
The impacts of land use changes on the climate are the synthetic effects of the biogeophysical process and biogeochemical process. But which of the two kinds of processes makes a greater contribution to the climate change at the regional scale, or which one plays a dominant role? The climate model is an effective tool in the study of climate, but how should it be applied to the research on the regional effects of LUCC? What effects will the improvement of the regional climate model have on the LUCC simulation? This paper reviewed the history and methods of the relevant researches, and summarized the influence of LUCC on the regional climate system and the simulation strategies according to the researches in the recent decades. Finally, the application of the regional climate models in the development and management of agricultural land and urban land was discussed.
Mechanism Research on the Influence of LUCC on the Regional Climate
The research on the influence of the land use changes on the regional temperature and precipitation can be dated back to the 1970s. The land use changes can alter various physical characteristics of the land surface, including the land surface parameters such as albedo [22] , upward long-wave radiation, and roughness and the vegetation parameters such as the vegetation coverage and leaf area index (LAI) [26] . All the changes in these parameters can influence the energy budget and water budget through the land-surface process, have an effect on the atmospheric boundary layer, and further impact the free air [27] . So it can be said that the changes in the parameters of the land surface and vegetation are the fundamental reason for the effects of the land use changes on the atmosphere [28] . By the 1980s, the researchers realized that the land use influences the climate not only through the change in physical characteristics of the land surface, but also through the greenhouse emission. Thereafter, there were more and more researches on the effects of land use on the carbon cycle. The influence of the land use changes on the climate involves not only the biogeophysical process, but also the biogeochemical process [20] .
Studies on Influence of Physical Characteristics on the
Climate. Charney et al. [29] first explored the relationship between the change of albedo and the drought in the Sahara region. Thereafter, there were a lot of researches on the influence on the regional climate (e.g., temperature and precipitation), which is exerted by the single parameter of physical characteristics of the land surface (e.g., albedo, roughness, leaf area index, and soil moisture) [30, 31] . The change in the underlying landscape alters the energy and moisture budgets of the land surface at the regional scale, which in turn leads to the changes in the fluxes of heat, water, and dynamics of the near-surface atmosphere and influences the key thermodynamic and dynamic properties of the air, which is of great importance to the air convection [32] . The evidence to support this statement comes from the sensitivity studies that explore the impacts of the change on the characteristics of land surface [33, 34] . There is considerable evidence of the significance of land surface processes generated through regional-scale perturbation experiments and researches on the deforestation [6, 35, 36] , desertification [37, 38] , and land use changes [4, 39] . These researches all indicated the LUCC contributed to the large and statistically significant change in the temperature, rainfall, and other variables at the continental or regional scales.
First and foremost, some important researches on the sensitivity of climate to the change of land surface evapotranspiration were performed by Claussen et al. [40] and Davin and de Noblet-Ducoudre [41] , which provided significant evidence that the change of the land surface evapotranspiration can lead to great changes in the temperature and precipitation. For example, the deforestation will lead to the decrease of evapotranspiration [39] , while the decrease of latent heat will increase the near-surface temperature and lead to higher sensible heat flux [41] . There is a high transpiration rate in the tropic rainforest, where the decrease of the transpiration rate due to the disappearance of the tropic rainforest may lead to regional warming and drought in the future [4, 42] . In addition, the change in evapotranspiration also influences the water content in the atmosphere and reduces the greenhouse effect and consequently reduces the temperature [34] , while the decrease of the cloud covers will increase the solar radiation and consequently strengthen the temperature [43] . Therefore, due to the large number of parameters, it is difficult to quantitatively compare the two feedbacks and there is great uncertainty [2] .
The land surface albedo is the fraction of solar energy (shortwave radiation) reflected from the land surface into space. It represents the reflecting power of the land surface and plays a key role in influencing the radiation balance and energy balance of the land surface [44] . The change in the land surface albedo directly alters the solar radiation absorbed by the land surface, subsequently leads to the change in the long-wave radiation of the land surface into space and the sensible heat and latent heat, and finally influences the temperature [45] . Some of the key works demonstrating the sensitivity of climate to land surface albedo were performed by Charney et al. [29] . Without regard to the influence of the advection process, the increase will lead to the decrease of the solar radiation absorbed by the land surface, increase of the land surface temperature, subsequently increase of the long-wave radiation into the space and decrease the sensible heat and latent heat, and lead to the potential to decrease the temperature, and vice versa [45] . The lower land surface albedo indicates the lower reflectivity and higher shortwave absorption of the land surface. Taking the forest coverage as an example, its albedo is generally lower than that of the nudation and other vegetation types [46] . The historical deforestation in the middle-latitude zone led to the increase of the land surface albedo, which is especially remarkable after snowfall in the winter and might have made the northern hemisphere colder [4] .
The leaf area index is an important indicator that represents the canopy structure and productivity of the plant community. It directly influences the ability of the plant to acquire and utilize the solar energy and indirectly influences the canopy impedance ratio. Besides, being an important parameter of the land surface albedo, it also directly influences the interaction between the land surface and the atmosphere [47] . More recent studies have focused on the role of the leaf area index in influencing the climate. The relevant researches indicate that the leaf area index is closely related to the precipitation, temperature, specific humidity, and so forth [48] .
The significance of roughness has also been well realized [49] . The land surface roughness has impacts on the turbulent flow between the land surface and the atmosphere and subsequently influences the local diffusion flux. If the diffusion flux is higher, it will reduce the near-surface air temperature under the condition of no other feedback mechanisms [25] . The deforestation will decrease the land surface roughness and reduce the turbulent flow and will consequently increase the temperature in theory. However, the less turbulent flow will lead to the decrease of the heat and moisture transfer, which will increase the temperature and moisture gradients between the land surface and the atmosphere and in turn alleviate the warming effect [49] . Davin and de NobletDucoudre [41] analyzed the sensitivity to the roughness during the conversion of the forest to the grassland. Their result indicates that the change in the roughness will make the global temperature increase by 0.29 ∘ C, and the increase will be even more obvious in the tropic zone.
Impacts on the Biogeochemical Process.
The influence of the land use change on the biogeochemical process, especially the discharge or absorption of the greenhouse gases such as CO 2 in the atmosphere due to the land use change, can alter the concentration of the greenhouse gases in the atmosphere and consequently influence the climate [13] . The historical accumulative carbon loss due to the land use change was estimated to be 180-200 PgC [50] , and the land use change contributed to 10%-30% of the carbon discharge due to human activities. The deforestation, afforestation, forest restoration, and agricultural activities are the major approaches through which the land use influences the carbon cycle. There are many researches on the influence of the land use change on the carbon cycle, most of which focused on the deforestation, especially the deforestation in the tropic rainforest. Since the 1850s, the global forest area decreased by 20%, and the carbon emission due to the deforestation accounted for 90% of the carbon emission caused by the land use change [51] and 33% of the man-made carbon emission (including the discharge from the fossil fuel burning and land use change) [4] .
The influence of the afforestation and forest restoration on the carbon cycle has also gradually become the hot issue in the relevant researches. Although the reforestation has not significantly influenced the terrestrial carbon sink on the global scale, it has played an important role in the carbon sink on the regional scale. For example, the man-made forests in China have stored over 0.45 Gt carbon since the 1970s [52] . Some researches indicated the forest restoration played a key role in the carbon sink resulting from the land use [53, 54] .
The productivity of the forest and decomposition of organic matters in the soil both influence the change of CO 2 in the atmosphere and the climate pattern and consequently influence the terrestrial carbon sink. When the photosynthesis rate is higher than the respiration rate, discharge rate of the biogenic volatile organic compounds (BVOC), and the decomposition rate of organic carbon, the forest plays a role as the carbon sink [55] . Besides, the deforestation will reduce the potential carbon sequestration [50] . In addition, the higher temperature and higher CO 2 concentration will increase the NPP, which will lead to the negative feedback and make more CO 2 in the atmosphere sequestrated. The radiative forcing due to the carbon emission resulting and the accelerated respiration due to the higher temperature will lead to the positive feedback, in which the organic matters will decompose more rapidly [56] . For example, there is an extreme example in the climate-carbon cycle; that is, the tropic rainforest in Amazon will gradually succeed into another vegetation if the temperature continuously increases and the precipitation continuously decreases.
The agricultural activities also have significant impacts on the carbon cycle. For example, the conversion of the natural vegetation to the cultivated land, loss of plant biomass, and increased decomposition of organic matters in the soil all make the agricultural activities become one of the major sources of CO 2 emission. By contrast, the utilization of the high yield variety and fertilizers, irrigation, and no-till agriculture all contribute to the reduction of carbon loss and increase the absorption of carbon in the agricultural regions [56] . For example, the no-till agriculture in the USA has increased the organic content in the soil, reaching 1.4 Gt carbon in the past 30 years. However, the increase of the organic matters in the soil can only last for 50-100 years, after which a new equilibrium of carbon cycle will be reached [57] .
A lot of BVOCs are generated by the plants and then released into the atmosphere. These compounds have significant influence on the physical and chemical characteristics of the atmosphere due to their great amount [58] . Although the BVOCs have no direct influence on the radiation balance of the atmosphere, they affect the longevity of the methane in the atmosphere and play an important role in the formulation of the ozone and secondary organic aerosols (SOAs). The SOAs can directly influence the climate since they can scatter or absorb the solar radiation and consequently decrease or increase the temperature [59] . The overall influence of the SOAs on the climate system has not been accurately quantified so far; they may mainly play a role in decreasing the temperature [45] . The SOAs also have significant indirect impacts on the climate; that is, they may act as the cloud condensation nuclei (CCN) in the formation of the clouds. In fact, the BVOCs released by the boreal forest have made the local CCN increase by 100% [59] , which in turn influences the number of water drops in the cloud and makes the albedo of the atmosphere increase by 3%-8%.
There will be an albedo difference ranging from −1.8 W/m 2 to −6.7 W/m 2 in the regions between 60 ∘ and 90 ∘ N since the albedo increases due to the indirect influence of BVOC. This means that, owing to the feedback among BVOCs released by the trees, SOA, CNN, and land surface albedo, the boreal forest will make the local climate colder. The influence of BVOC on CCN is considered to be the most important in the boreal forest since the regional air pollution is slight [59] . In addition, the net emission of carbon released due to the deforestation depends on the land use type converted from the forest or the temporal scale of the regeneration of the forest and the feedback mechanism mentioned previously. According to the simulation which only takes into account the biogeochemical influence, the complete deforestation will make the global temperature increase by 0. 09 ∘ C or 0.19 ∘ C if the forests between 50-60 ∘ N and 0-10 ∘ S were completely felled [45] . This is because of the great amount of biomass in the tropic zone and depends on the total biomass of different forest types.
The impacts of the LUCC on the regional temperature and precipitation are the synthetic effects of the processes mentioned previously. There has been great progress in the research on the single process and the synthetic effects. Besides, the impacts of the land cover change happen at certain temporal and spatial scales. For example, the mesoscale land cover change influences the regional temperature through the land surface albedo in short and medium terms, while the geochemical process influences the change in temperature at larger temporal and spatial scales.
Simulation of the Effects of LUCC on the Regional Climate Model

Development from the Global Climate Models to the Regional Climate Models.
The climate model consists of the set of equations that can be used to determine the characteristics and evolution of the components of the climate system according to the fundamental physical laws such as the law of conservation of energy and law of conservation of mass. Then the climate model is constructed by routinizing the set of equations with the computer. The climate model can be used to not only simulate the current climate, but also to simulate the climate change caused by the change in the boundary conditions [60] . Therefore, the climate model will serve as the most important test tool if the people wish to study the climate and its change with the experimental method. The earliest researches on the regional climate effects generally used the general circulation models (GCMs), and carried out the sensitivity test with the force-response method [61, 62] , that is, represent the land use changes with the changes of the land surface parameters (e.g., albedo, roughness, and evapotranspiration). Generally, the control experiment is first carried out with the GCMs, and then the land surface parameters are changed to carry out the simulation and thereafter compare with the reference test so as to analyze the response of the climate to the land use changes [48] . Charney et al. [29] first applied this method in the study of the positive feedback mechanism between Advances in Meteorology 5 the land surface albedo and aridification in the Sahara Desert. Thereafter, the method was applied to many researches on the response of climate to the change of the land surface parameters such as the evapotranspiration [63] , roughness [49] , stomatal conductance [64] , and leaf area index [65] .
The GCMs have been widely used in the study of climate change, and a lot of effective work has been done in the simulation of influence of the LUCC on the global temperature and precipitation at large scale and the research on the climate effects of trace gases in the atmosphere and so forth [13, 66, 67] . However, it is difficult to simulate the regional climate at small scales precisely with the GCMs due to the limitation of the resolution. Besides, the resolution is very low in the GCMs (above 100-200 km), so they cannot be used to describe the complex terrain and land surface characteristics. Therefore, there are some bias and uncertainties in the simulation of the regional climate change with the GCMs [68] , which influences the credibility of the simulation result.
The regional climate model was proposed during the late 1980s and the early 1990s [69] and has become an important tool in the regional climate researches [70] . The regional climate model has higher resolution and can more reasonably simulate the regional forcing such as the terrain, rivers/lakes, and urban buildings and describe the detailed characteristics of the land surface. Besides, it can reflect the climate characteristics caused by the strong regional forcing [71] , thus consequently having been widely used in the regional climate researches.
More attention has been paid to the response of regional and local climate to the land use change rather than that of the global climate. However, the resolution of the current climate models, for example, the global ocean-atmosphereland system with high complexity and the Earth system model of the moderate complexity, is generally too low when the model is used at the local and regional scales. In the recent decades, the high resolution regional climate models, for example, RegCM2, RegCM3, RAMS, RIEMS, RegCM-NCC, and IPCR-RegCM, have been widely used in the research on the regional land use change. For example, these models have been applied to the desertification experiment [72] , deforestation experiment in the tropic rainforest [73] , vegetation restoration experiment [32] , and so forth. Besides, some researchers analyze the impacts of land use change on the regional temperature and precipitation and so forth [7] and the influence of land use changes on the fundamental regional climate characteristics at the national scale [48, 74, 75] by comparing the current land use data and the data of potential natural vegetation.
Research on the Integration of the Improved Land Surface
Model and Regional Climate Model. Although some regional climate models have higher resolution (below 100 km), there are still a lot of great challenges in the simulation of the land surface processes. For example, it is still necessary to represent the land surface process which is very important to the climate at the small scales, although there is little evidence that the simulation with climate models can provide reliable information at small scales [76, 77] . Since the atmosphere and the land surface integrate into an inseparable whole system through the exchange of energy, dynamics and, moisture, it is the key to the successful simulation with the regional model to construct a land surface model that can accurately and precisely simulate the interaction between the atmosphere and the land surface.
By contrast with the regional climate model, the land surface model focuses more on the interaction between the atmosphere and the land surface and can calculate the exchange of energy, dynamics, and moisture between the land surface and the atmosphere. The scholars have gradually realized the importance of the land surface process in the climatology, geobiochemistry, weather forecasting, and so forth, since the 1970s. Since the middle 1980s, many researchers have studied the issue of deforestation in the tropical rainforest in the Amazon watershed and carried out a lot of sensitivity analyses [77] [78] [79] . Xue and Shukla [80] and Nicholson et al. [38, 81] also studied the desertification in the Sahara desert. All the sensitivity analyses from different perspectives suggest that the change of the boundary conditions of the land surface can lead to significant changes of the climate pattern. With the development of the land surface process model, more biophysical processes of vegetation were introduced. The researches constructed complex parameterization schemes of the exchange of radiation, moisture, energy, and dynamics above the vegetation, which can more realistically reflect the role of vegetation in the land surface process, especially the role of vegetation in the water budget and energy budget of the land surface.
Since the 1990s, the researches gradually considered the water-vapour absorption of vegetation and introduced the biochemical process that the vegetation absorbs CO 2 for photosynthesis into the land surface model according to the relationship between the photosynthesis and plant water. There have been many improved land surface models, for example, the land surface model (LSM), improved simple biosphere model (SiB2) [82] , community land model (CLM) [83] . These improved land surface models have a better ability to simulate the carbon flux and daily and seasonal cycle of CO 2 concentration and can be used to simulate the enhanced greenhouse effect due to the increase of CO 2 concentration in the atmosphere. The latest land surface models focus more on the biogeochemical process. For example, Niyogi et al. [84] represented the transpiration of vegetation with the Jarvistype stomatal resistance and coupled the photosynthesis with a mesoscale numerical forecast model; the improved model could effectively reflect the different characteristics of land surface, for example, the soil moisture and leaf area index.
With the continuous development of the regional climate model, a great number of researchers have applied the coupled regional land surface model to the study of various physical processes and their impacts on the regional climate, energy budget, and interactions between the land surface and the atmosphere [85, 86] . The relevant researches mainly focused on the schemes of the soil-vegetation-atmosphere interaction. For example, Bonan et al. [83] integrated the CLM and community climate model (CCM), studied the phenological characteristics of land surface and analyzed the biomass flux. Besides, Dai et al. [87] developed the common land model (CoLM) by taking the advantage of the land surface, models such as LSM, which took into account the heterogeneity of the land surface characteristics within the grids, ecological difference of various vegetation types, and variation in the hydraulic characteristics and thermodynamic characteristics of different soil types, and consequently had a good ability to simulate the interaction between the land surface and the atmosphere.
Application of the Regional Climate Model
Agricultural Land Development and Management.
As a result of this enormous growth in population and technology, the total global area of cropland almost doubled every century after AD 1600 from 3.0 million km 2 in AD 1700 to 4.2 million km 2 in AD 1800, 8.5 million km 2 in AD 1900, and 15.3 million km 2 in AD 2000 [88] . More attention has been paid to the influence of the management of the farmland on the climate, for example, the irrigation, no-till agriculture, and crop rotation, among which the influence of irrigation received the most attention. The change in irrigation has been expected to influence the local climate since it directly influences the soil moisture, which will further affect the land surface albedo, evaporation and variation in the regional temperature and precipitation [89] . The irrigation area has increased very rapidly during the past centuries. For example, the global irrigation area was 8.0 million hectares (Mha) in 1800, and it increased to 40 Mha in 1900 and further increased 2.7 Mha in 2000 [90] . The global irrigation water accounts for 70% of the water used by human beings [91] . The irrigation districts mainly include China, India, Pakistan, Thailand, North America, and the Aral Sea watershed [90] .
There have been very few quantitative studies of how the climate responds to irrigation. The simulation studies in many regions indicated that the increased soil moisture due to irrigation will generally lead to significant decrease of the local average and maximum temperature ( max ), while the change of the minimum temperatures ( min ) varies among regions [92] . The irrigation will make the regional moisture in the atmosphere increase significantly, and consequently may make the regional precipitation increase under the appropriate weather conditions [91] . Besides, the irrigation play a role in reducing the regional temperature [75, [92] [93] [94] [95] and the daily temperature difference [95] .
The irrigation mainly influences the regional temperature by the following approach. The irrigation mainly influences the climate through the redistribution of the latent heat and sensible heat. When the irrigation area increases, the latent heat will increase while the sensible heat will decrease. The increase of latent heat will further lead to the increase of cloud coverage and decrease of the net radiation of land surface. The researches have indicated that there are obvious seasonal variations of the temperature decrease due to the irrigation. The temperature will reduce significantly in the dry season and insignificantly in the rainy season [94, 95] . Besides, there is an obvious regional heterogeneity of the temperature decrease due to the irrigation [95] . The simulation researches indicated that the difference in the irrigation area will lead to the difference in soil moisture. The difference in the response of the cloud to the irrigation is the main reason for the difference in the regional climate. The cooling effect of irrigation in some regions (e.g., North America, northwest part of India, northeast part of China) is comparable to the warming effect in the magnitude and consequently plays a role in alleviating the climate warming [90] . However, according to the prediction of the land use changes, the irrigation area in these regions will show a decreasing trend in the future decades, which will aggravate the climate warming.
Urbanization and Its Regional Climate Effect.
Urbanization is an extreme way in which the human activities alter the underlying surface properties and influence the local climate. The urban heat island effect due to urbanization is an extreme example of the influence of LUCC on the regional climate [96] . The urbanization has contributed to 50% of the increase of land surface temperature in the USA since 1950 [97] . The city differs greatly from the natural land cover. The widespread impervious surface and the roof and wall of buildings and so forth, in the cities all influence the energy flux, and circulation of water and other materials [98] . They can reduce the evaporation from land surface, make it difficult to eliminate the land surface heat, and consequently lead to the increase of land surface temperature [99, 100] . Besides, the man-made heat emission and decrease of vegetation coverage also contribute to the increase of land surface temperature. In some cities, the local people have grown a lot of plants or painted the roofs white so as to reduce the reflectivity of the urban land surface and alleviate the urban heat island effect [17, 101] .
Considerable progress has been made in the development of urban climate models which are able to predict/simulate meteorological conditions from regional to building scales. Oleson et al. [102] designed a preliminary parameterization scheme of the city by integrating the CLM and applied it in the off-line simulation, the result of which indicated that the heat storage capacity and sensible heat flux are very sensitive to the uncertainties of the parameters of the atmosphere and land surface. The results of current qualitative researches indicate that the lowest daily air temperature increases more than the highest daily air temperature, which leads to the decrease of the daily temperature difference [103, 104] . Besides, the Bowen ratio and canopy temperature of cities will increase with the proportion of impervious surface [105] . In addition, previous researches have mainly focused on the urban heat island effect of the big cities. For example, the research of Ezber et al. [106] indicated that the velocity of the prevailing northeasterly wind and the water vapor mixing ratio in Istanbul both reduced, and the heating effect due to urbanization penetrated into about 600-800 m height over the city in the atmosphere. Besides, Trusilova et al. [107] The researches on the urban heat island effect with different models may get very different and even opposite results becouse the urbanization process is very complicated and many factors may influence it. Several sensitivity studies of the urban effects (urban albedo and roughness, anthropogenic heat flux, heat island, and urban aerosols) on meteorology and air pollution at different scales had been done. For example, Zhang et al. [109] conducted a numerical simulation for two heavy summer rainfall events in Beijing under different urban land use scenarios with a mesoscale MM5 model. The results of their simulation showed that the urban expansion leads to higher surface temperature, less evaporation and more mixture of water vapor in the boundary layer, and consequently there will be less convective available potential energy and the precipitation will decrease in most part of Beijing, especially in the Miyun reservoir area. Besides, Miao et al. [110] conducted a simulation to test a case study of heavy rainfall to different urban processes with the Weather Research and Forecasting (WRF) model. However, the results of their simulation showed that when the urbanization level increases, the urban heat island effect will become stronger, which may enhance the convection and consequently increase the maximum and accumulated amount of precipitation. Future studies that utilize a wide range of scenarios for climate, land use, and realistic urban parameters to quantify the effects of different factors on regional climate are needed.
Concluding Remarks
This paper reviewed the advances in the researches on the influence of the LUCC on the regional climate, including how the LUCC influences the regional climate, the relevant simulations and their improvement, and the application in case studies; the main findings can be summarized as follows. A large number of researches have documented the important effects of the LUCC on the regional climate system. Besides, the biogeophysical and biogeochemical effects of large-scale LUCC have also been studied. But the relevant researches on their mechanism have generally studied the biogeophysical and biogeochemical effects separately. It is the main means of the research on the effects of land use changes on the climate to carry out numerical simulation with a series of climate models of different complexities. The regional climate models have higher resolution and can reflect the climatic characteristics caused by the local forcing and have been widely used in the research on some representative land use changes, for example, the deforestation in the tropic zone, desertification, irrigation of the cultivated land, and urbanization.
Although there have been many consentaneous conclusions in many aspects of the current researches, there is still great uncertainty in the simulation of effects of the LUCC on the regional climate. First, the climate system contains multiscale dynamics and interactions between multiple weather systems. Second, there is great variation in the influence of the land use changes in different regions on the climate system. Therefore, in order to reduce the uncertainty in these relevant researches, on the one hand, it is necessary to precisely examine and depict the parameters of LUCC and other parameters of the land surface, which depends on the development of the remote sensing techniques. On the other hand, it is still necessary to strengthen the research on the land surface process. It not only requires the mathematicalphysical models that can effectively simulate the interaction between the land surface and the atmosphere, but also needs to improve the observation techniques so as to understand the essence of the land surface process and provide the reasonable initial value parameters for the mathematicalphysical models.
The urbanization has significant influence on the local climate, for example, the urban heat island effect due to the urbanization and the effects of the urban aerosol on the precipitation. However, since the area of the city is generally very small, it is difficult to parameterize the urban land surface due to its great complexity, and there have been no researches on the simulation of the process of urbanization in the regional climate models either. In fact, with the development of the society and economy, the urban population will continually increase and the urban area will further expand, and consequently the effects of urbanization on the climate will be more and more important. The assessment and prediction of the influence of urbanization will be one of the major directions in the relevant researches in the future.
As for the intersection between the researches on the land use changes and the climate change, the researches on the climate effects of the future land use changes mainly focus on two important issues. First, great efforts have been made to understand the climate effects of the past and current LUCC; however, there have been very few researches on that of the future LUCC. Second, how to predict the land use changes in the future and predict and assess its influence on the future climate may become a hot issue in the relevant research fields.
